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H.H. SCHWAB T e c h n ic a l  U n iv e r s i t y  o f  D a r m s ta d t ,  F e d e ra l  R e p u b l ic  o f  G e r m a n y

SYNOPSI S The c y c l i c  t r i ax i al  t es t  as wel l  as t he c y c l i c  s i mpl e shear  t es t  wi t h l at er al  c onf i ne ­
ment  us ual l y  ar e us ed t o i nv es t i gat e t he behav i our  of  soi l s  s ubj ec t ed t o c y c l i c  ac t i ng l oads.  I n 
many  c as es  t hes e t es t i ng pr oc edur es  ar e uns uf f i c i ent  t o be us ed as base f or  es t i mat i ng def or mat i ons  
oc c ur i ng f ar  away  f r om t he l i quef i ed s t age.  A t es t i ng equi pment  i s pr es ent ed whi c h i s wel l  s ui t ed 
f or  t es t i ng soi l  and r oc k f i l l  mat er i al  under  c ont r ol l ed s t at i c  ac t i ng hor i z ont al  and v er t i c al  s t r es ­
ses s uper i mpos ed by  c y c l i c  ac t i ng di s c us s ed s howi ng t he i nf l uenc e of  t he ani s ot r opi c  s t at e of  t he 
ef f ec t i v e s t r es s es  and of  t he dr ai nage c ondi t i ons  on t he s t r ai ns .  The behav i our  of  t he soi l s  was  i n ­
v es t i gat ed af t er  c es s at i ng t he c y c l i ng ac t i ng l oad.  Conc er ni ng t he por e wat er  pr es s ur e and t he de ­
f or mat i ons  s i gni f i c ant  r es ul t s  obt ai ned f r om t hes e t es t s  ar e r epor t ed.

I NTRODUCTI ON

One of  t he mos t  oc c ur i ng l oadi ng c ondi t i ons  i n 
soi l  mec hani c  and f oundat i on engi neer i ng ar e c y c ­
l i c  ac t i ng l oads.  Thi s  k i nd of  l oads  ar e c aus ed 
by  mul t i p l e r easons ,  t hey  c r eat e i n soi l  a l ar ge 
v ar i et y  of  ef f ec t s  bot h c onc er ni ng t he f r equenc y  
of  l oad c y c l es  and t he s t r es s es  and def or mat i ons .
I n mos t  of  t he cases  when v i br at i ons  ar e i nt r oduc ed 
i n s ubs oi l  by  bl as t i ng or  mac hi ner y  f oundat i ons  
e . q . , so we hav e c ompar at i v el y  smal l  s t r es s es  and 
s t r ai ns  on hi gh f r equenc i es .  On t he ot her  hand 
c y c l i c  l oadi ng ef f ec t ed by ear t hquak es  of t en 
pr oduc e l ar ge s t r es s es  and s t r ai ns  wi t hi n a f r e ­
quenc y  r ange of  one t o f i ve Hz.  Dur i ng a s t or m 
wav e l oaded of f  s hor e s t r uc t ur es  i nt r oduc e ver y  
l ar ge s t r ess  c y c l es  i nt o s ubs oi l  wher eby  t he 
dur at i on of  one l oad c y c l e us ual l y  t ak es  seconds .

Ther e i s a gr eat  pr ogr es s  i n dev el opment  of  c om­
put i ng model s  i n c onnec t i on wi t h ef f i c i ent  dat a 
pr oc es s i ng s y s t ems  but  i n t he end t he c al c ul at i on 
of  c y c l i c  l oadi ng ef f ec t s  i nduc ed on soi l  i s i n ­
suf f i c i ent .  Es pec i al l y  t hi s  hol ds  t r ue i n t he case 
t hat  l ar ge pl as t i c  s t r ai ns  wi l l  be mai nl y  det er mi ­
nat i v e par t i c ul ar l y  i n c onnec t i on wi t h t he gene ­
r at i on and di s s i pat i on of  por e wat er  pr essur e.
The nec es s i t y  t o per f or me model  t es t s  as wel l  as 
t o det er mi ne t he dy nami c  soi l  pr oper t i es  i n l abor a ­
t or y  t es t s  wi l l  be of  f undament al  i mpor t anc e al so 
i n f ut ur e.  By  t hi s  we need a c ar ef ul  c ons i der at i on 
i n s i mul at i ng t he boundar y  c ondi t i ons  as l i f el i k e 
as poss i bl e.

I n t he l as t  t wo dec ades  many  t es t i ng equi pment s  
and i nv es t i gat i ng pr oc edur es  hav e been ev al uat ed 
wi t h r egar d t o t he abov e ment i oned poi nt  of  v i ew.
I n t he mai n t he Res onant  Col umn Tes t  ( RCT)  has  
s uc c eeded as us ef ul  t es t  of  det er mi nat i ng t he 
dy nami c  soi l  pr oper t i es  f or  ex ampl e shear  modul us  
and dampi ng i n t he r ange of  hi gh f r equenc i es  and 
l ow s hear  s t r ai ns .  The Cy c l i c  Tr i ax i al  Tes t  ( CCT)  
and t he Cy c l i c  Si mpl e Shear  Tes t  wi t h l at er al  
Conf i nement  ( CSSTC)  i s c ommonl y  us ed not  onl y  f or  
meas ur ement  of  dampi ng v al ues  and s hear  modul us  
at  medi um and l ar ge s t r ai ns  but  al so t o ev al uat e 
t he l i quef ac t i on pot ent i al  of  soi l s .  For  j udgement  
i t  i s nec es s ar y  t o c ompar e t he av ai l abl e t es t i ng

equi pment s  wi t h r egar d t o t hei r  poss i bi l i t i es '  i n 
s i mul at i ng t he i n s i t u boundar y  c ondi t i ons .  The 
mos t  s i gni f i c ant  i n s i t u c ondi t i ons  wi l l  be gi v en 
i n t he f ol l owi ng.  Requi r ement s  t o t es t i ng equi pmei  
and i nv es t i gat i ng pr oc edur es  wi l l  be s ummar i zed.

REQUI REMENTS TO TESTI NG EQUI PMENTS AND 
I NVESTI GATI NG PROCEDURES

A soi l  e l ement  i n t he s ubs oi l  us ual l y  i s l oaded by 
a s t at i c  ac t i ng s t at e of  s t r es s es  whi c h i n mos t  
cases  i s ani s ot r op t hat  means  t he hor i z ont al  
s t r es s es  ar e di f f er ent  f r om t he v er t i c al  ones.  
Dur i ng c y c l i c  ex c i t at i on t hese s t at i c  ac t i ng 
s t r es s es  ar e s uper i mpos ed by c y c l i c  ac t i ng nor mal  
and s hear  s t r esses .  I f  por e wat er  ex i s t s  i n t he 
v oi ds  t hes e s t r es s es  may  c aus e c hanges  i n por e 
wat er  pr es sur e.  Whi t hout  r egar d t o t he s pec i al  
case of  f r ee f i el d c ondi t i on a soi l  e l ement  i ni ­
t i al l y  bei ng i n a s t abl e s t at e of  equi l i br i um 
under goes  v er t i c al  a n d  hor i z ont al  s t r ai ns  
i n c as e of  c y c l i c  ex c i t at i on.  I n c ons equenc e 
t he ef f ec t i ve s t r es s es  ar e c hangi ng c aus ed by a 
c hange i n por e wat er  pr essur e.  The degr ee of  s at u ­
r at i on,  r el at i v e dens i t y ,  gr ai n s i ze di s t r i but i on 
and per meabi l i t y  i n c onnec t i on wi t h dr ai nage 
c ondi t i ons  as wel l  as t he magni t ude of  s t at i c  and 
c y c l i c  ac t i ng s t r es s es  ar e det er mi nat i v e t o t he 
degr ee of  por e wat er  pr es s ur e gener at i on.  Af t er  
cy c l i c  l oadi ng c ommonl y  t he soi l  e l ement  has  not  
r eac hed a s t abl e s t at e of  equi l i br i um i mmedi at el y .  
The i ni t i al  t ot al  v er t i c al  s t r es s  due t o ov er ­
bur den pr es s ur e and t he wei ght  of  t he s t r uc t ur e 
i s ac t i ng near l y  unc hanged al s o af t er  c es s at i on 
of  c y c l i c  ex c i t at i on.  Whi t hout  r egar d t o t he above 
ment i oned s pec i al  c as e of  f r ee f i el d c ondi t i on 
t hi s  near l y  hol ds  t r ue f or  t he t ot al  hor i z ont al  
s t r esses .  Changes  i n por e wat er  pr es s ur e due t o 
r edi s t r i but i on and d i s s i pat i on as wel l l seepage 
pr es s ur e l eads  t o addi t i onal  def or mat i ons  even 
af t er  c es s at i on of  c y c l i c  l oadi ng.  Thi s  i s ver i f i ec  
by  numer ous  obs er v at i ons  of  t he behav i our  of  
dams  and s l opes  dur i ng and af t er  ear t hquak e i n ­
duc ed ex c i t at i ons  ( e. q.  Seed,  H. B.  1979;  Mar c us on,  
I I I ,  W. F.  1979;  Ramanuj am,  N.  et  al .  1978) .  So i t  
i s nec es s ar y  t o at t r i but e t he same at t ent i on t o 
t he soi l  behav i our  as wel l  af t er  c y c l i c  l oadi ng as 
t o t he phenomenon oc c ur i ng dur i ng c y c l i c  l oadi ng.
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The j udgement  of  t he i nv es t i gat ed soi l  not  onl y  
has  t o i nc l ude t he def or mat i ons  and f ai l ur e c on ­
d i t i ons  i n c as e of  soi l  l i quef ac t i on c aus ed by 
ex c es s i v e por e wat er  pr es s ur e gener at i on f ol l owed 
by a s i gni f i c ant  r educ t i on of  t he ef f ec t i ve shear  
s t r engt h.  Ev en f or  dens el y  c ompac t ed soi l s  t he 
l ar ge s t r ai ns  r equi r ed t o mobi l i z e s i gni f i c ant  
r es i s t anc e may  l ead t o l ar ge and unac c ept abl e 
de f o r mat i ons .

Wi t h  r egar d t o t he s i mpl i f i c at i on t hat  c ompar ed 
wi t h t hei r  i ni t i al  v al ues  t he t ot al  hor i z ont al  
s t r es s es  don' t  c hange s i gni f i c ant l y  dur i ng c y c l i c  
l oadi ng and c ons i der i ng onl y  c y c l i c  ac t i ng shear  
s t r es s es  t he s t r es s  c ondi t i on a soi l  e l ement  i s 
s ubj ec t ed i n t he s ubs oi l  under  a l oaded ar ea wi t h 
l i mi t ed ex t ens i on or  i ns i de of  a s l ope c an be r e ­
pr es ent ed wi t h a Mohr - Di agr am as s hown i n Fi g.  1.  
The i ni t i al  s t at e of  s t r es s es  i s r epr es ent ed by 
poi nt  A.  Bec aus e of  t he c y c l i c  ac t i ng shear  s t r es s ­
es and dependi ng on t he por e wat er  pr es s ur e gene ­
r at ed dur i ng t he ex c i t at i on t he ef f ec t i v e s t r ess  
poi nt  mov es  i ns i de t he ar ea ABCD whi c h i s s i gned 
wi t h PSR.  The def i ni t i on of  t he dy nami c  s t r ess  
pat h f ai l ur e l i ne ( DKf L)  not  nec es s ar i l y  mus t  be 
done wi t h  r egar d t o t he s t at e of  s t r es s es  whi c h 
r epr es ent s  t he shear  s t r engt h f ai l ur e c ondi t i on.  
Smal l er  s t r ai ns  whi c h f or  ex ampl e ar e unac c ept abl e 
f or  t he c ons t r uc t i on ar e al s o appl i c abl e as f ai l ur e 
c r i t e r i on .

(a )

F I G .  1

To i nv es t i gat e t he def or mat i on behav i our  of  soi l s  
s ubj ec t ed t o c y c l i c  l oadi ng t he f ol l owi ng r equi r e ­
ment s  hav e t o be f ul f i l l ed by  t he t es t i ng equi pment  
and t he i nv es t i gat i ng pr oc edur e:

The soi l  s ampl e i nv es t i gat ed i n t he l abor at or y  
t es t  mus t  c or r es pond t o t he gr ound c ondi t i ons  
i n gr ai n s i ze di s t r i but i on,  dens i t y  and per ­
meabi l i t y .
The s t at i c  ef f ec t i v e s t r es s es  due t o t he ov er ­
bur den pr es s ur e and t he l oad of  s t r uc t ur es  ar e

t o be c ons i der ed wi t h t he gr ound wat er  l evel  
and t o be mai nt a i ned dur i ng t he t est .  I n gene 
r al  t he s t at e of  s t at i c  s t r es s es  i s ani s ot r op 
I n s i t u  d r a i n a g e  c ondi t i ons  hav e t o be S i m u l a  

ed as l i f el i k e as possi bl e bec aus e t hey  ar e of  
gr eat  i mpor t anc e t o t he behav i our  of  soi l s .  
Af t er  c es s at i on of  c y c l i c  l oadi ng t he ani s o ­
t r opi c  s t at e of  s t r es s es  s houl d be mai nt ai ned 
and t he s pec i men s houl d be al l owed t o def or m 
wi t hout  h i nder anc e i n v er t i c al  as wel l  as i n 
hor i z ont al  di r ec t i on.
The dy nami c  ac t i ng s t r es s es  s houl d c or r es pond 
t o gr ound c ondi t i on not  onl y  i n f r equenc y  and 
ampl i t ude but  al so i n t hei r  ac t i on as c om­
pr es s i on and s hear  s t r esses .

Due t o t he s i mpl enes s  i n handl i ng t he CTT i s wi de 
l y  used.  Ther ef or e many  t es t  dat a f r om t hos e ar e 
av ai l abl e.  The anal y s at i on of  a gr at  number  of  r e 
por t ed t es t s  f r om a l ot  of  paper s  ( e. q.  Lee,  K. L.  
et  al  1967;  Seed,  H. B.  et  al  1975;  Lee,  K. L.  1977 
Hedber g,  J.  1977 and ot her s )  shows  t hat  i n mos t  o 
t he t es t s  wi t h ani s ot r opi c al l y  c ons ol i dat ed s pec i  
mens  t he PSR,  as def i ned i n Fi g.  1,  c an be r epr e ­
s ent ed by  t he s haded ar ea s hown i n Fi g.  2b and 2c.  
The ef f ec t i v e s t r es s  poi nt  mov es  t owar ds  t he 
f ai l ur e l i ne and wi t h f ur t her  i nc r eas e of  por e 
wat er  pr es s ur e i t  mov es  up and down al ong t he 
v er y  same.  I n ev er y  l oad c y c l e t he av er age val ue 
of  t he ef f ec t i vej s t r esses  c hanges  i n phas e wi t h 
t he s hear  s t r esses .  The di r ec t i on of  t he max i mum 
s t r ai n v al ues  i n ev er y  moment  c oi nc i des  wi t h t he 
di r ec t i on of  t he pr oduc ed s t r es s  i nc r ement s .
The s haded ar ea i n Fi g.  2a r epr es ent s  t he PSR 
f or  a CSSTC f or  exampl e.  Due t o t he c ompl et e con-

F I G .  2

EFFECTI VE STRESS
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f i nement  of  t he l at er al  def or mat i ons  by a r e i n f or c ­
ed r ubber  membr ane t he ef f ec t i v e l at er al  s t r ess  
r at i o dec r eas es  wi t h i nc r eas i ng por e wat er  pr es s ­
ur e.  The shear  s t r ai ns  meas ur ed wi t h t he ai d of  
t hi s  k i nd of  c y c l i c  s i mpl e s hear  t es t i ng equi pment  
c annot  be us ed as a base f or  a r eal i s t i c  es t i mat i on 
of  t he def or mat i ons  whi c h hav e t o be ex pec t ed.  I n 
t he same sense t hi s  al s o hol ds  t r ue f or  t he CTT.

TESTI NG EQUI PMENT USED FOR THE TESTS DESCRI BED HEREI N

To ov er c ome t he abov e ment i oned di f f i c ul t i es  and t o 
enabl e us t o s i mul at e t he i n s i t u boundar y  c ond i ­
t i ons  as l i f el i k e as possi bl e i n t he l abor at or y  t es t  
a s pec i al  c y c l i c  s i mpl e shear  t es t i ng dev i c e was 
dev el oped at  t he I ns t i t ut  f or  Soi l  Mec hani c s  and 
Foundat i on Engi neer i ng of  t he Tec hni c al  Uni v er s i t y  
at  Dar mst adt  . Wi t h t he ai d of  t hi s  t es t i ng equi p ­
ment  i t  i s pos s i bl e t o l oad a di s k  s haped s pec i men 
of  2o c m i n di amet er  and 4o c m i n hei ght  wi t h  s t a ­
t i c  act i ng v er t i c al  and hor i z ont al  s t r esses .  The 
s pec i men i s al l owed t o def or m i n v er t i c al  as wel l  
as i n hor i z ont al  di r ec t i on.  The gr ound wat er  l evel  
c an be s i mul at ed by  a bac k  pr ess ur e,  t he per me ­
abi l i t y  and t he t hi c k nes s  of  t he adj ac ent  soi l  
l ay er s  by a dr ai nage c ont r ol  s y s t em on t he t op and 
t he base of  t he spec i men.  The v er t i c al  s eepage 
f r om t he base t o t he t op of  t he s pec i men c an be 
managed by a c ont r ol  c i r c ui t  wher eby  di f f er ent  
hy dr aul i c  gr adi ent s  and f l ow v el oc i t i es  can be 
chosen.  On t he t op and t he base of  t he s pec i men 
as wel l  as i n t he mi dhi ght  c y c l i c  ac t i ng shear  
s t r es s es  c an be s uper i mpos ed t o t he s t at i c  ac t i ng 
s t r es s es  whi l e dr ai nage c ondi t i ons  and bac k  pr es s ­
ur e ar e k ept  unc hanged.  Dur i ng t he pr oc es s i ng of  
t he t es t  t he s t at i c  as wel l  as t he c y c l i c  ac t i ng 
s t r es s es  can be c ont r ol l ed.  Vol ume change,  v er t i c al  
and shear  s t r ai n as wel l  as t he por e wat er  pr es s ­
ur e c hange i n t he mi dhi ght  of  t he s pec i men c an be 
meas ur ed and r ec or ded c ont i nuous l y .  Addi t i onal  
i nf or mat i on t o t he t es t i ng equi pment  i s gi v en i n 
t wo pr ev i ous  paper s  ( Br et h,  H. / Sc hwab,  H. H.  1977;  
Schwab,  H. H.  1974)

US STANDARO S IEVE S IZES

3  "  3 1 C  i .  10 2 0  4 0  6 0  100 2 00

GRAIN S IZE  IN MILLIMETERS

STONE G R A V E L S A N D S IL T - L a y

co orse| f i  | f c  |m e d iu m | f c  j  m  | f i n e

F I G .  3

PROPERTI ES OF THE TESTED SOI LS

To i nv es t i gat e some pr obl ems  i n t he s ubs oi l  of  
s ev er al  nuc l ear  power  pl ant s  and of  a r oc k  f i l l  
dam c y c l i c  shear  t es t s  wer e per f or med wi t h d i f f e r ­
ent  soi l  ma t e r i a l s . Not  onl y  t he det er mi nat i on of  

t he l i quef ac t i on pot ent i al  of  t he soi l s  wer e i n ­
ves t i gat ed.  A mai n poi nt  of  i nt er es t  was  t he es t i ­
mat i on of  t he def or mat i on whi c h hav e t o be ex pec t ed 
dur i ng and af t er  ear t hquak e r es pec t i v el y  bl as t i ng 
i nduc ed ex c i t at i on.  Repr esent at i ve s ampl es  wer e 

t ak en f r om i n s i t u.  Fi g . 3 shows  t he det er mi ned 
gr ai n s i ze d i s t r i but i ons  of  al l  i nv es t i gat ed soi l s .  
The mos t  i nt er es t i ng soi l  pr oper t i es  ar e s umma ­
r i z ed i n Tabl e I .  The mat er i al s  No.  1, 2 and 4 c on ­
c er n t he s ubs oi l  of  t hr ee di f f er ent  nuc l ear  power  
pl ant s ,  soi l  No.  3 was  t ak en f r om t he f oundat i on 
of  apl anned 16o m hi gh r oc k  f i l l  dam.  Gr ai n s i ze 
di s t r i but i ons  and soi l  pr oper t i es  i ndi c at e t he 
mat er i al s  t o be uns us c ept i b l e agai ns t  l i quef ac t i on.

T A B L E  I

MATERIAL No. 1 2 3 4

DENSITY OF DRY SOIL I/m3 1.666 1.850 1.925 2.093

VOID RATIO - 0.596 0.459 0.446 0.271

UNIT WEIGHT OF SOLID t/m3 2.650 2.700 2.783 2.661

PL A S T IC IT Y  INDEX - 0 0-01 0.17 0

DENS ITY  INDEX — 0.62 0.75 0.64 0.97

DYNAMI C SHEAR STRENGTH AND LI MI TATI ON OF STRAI NS

To i ns t al l  a DKf - Li ne as shown i n Fi g.  1 t he def i r  
i t i on of  a f ai l ur e c r i t er i on has  t o be gi ven.  One 
pos s i bl e def i ni t i on can be gi v en on t he bas e of  t l  
c ompl et e r educ t i on of  t he s hear  s t r engt h of  t he 
soi l  by s uf f i c i ent  l ar ge i nc r eas e of  por e wat er  
pr essur e.  To anal y s e t he r es ul t s  of  t he t es t s  wi t h 
t he mat er i al  No . 1 t hi s  c r i t er i on was  used.  The 
r ec ei v ed r es ul t s  hav e been r epor t ed i n an ear l i er  
paper  and s hal l  not  be r epeat ed ( Br et h/ Sc hwab 1977)  
Compar ed wi t h t he def or mat i ons  r eac hed i n t he 
l i quef i ed s t age of  t he soi l  muc h mor e s mal l er  
s t r ai ns  may  be unac c ept abl e f or  s t r uc t ur es  l i ke 
dams  and nuc l ear  power  pl ant s .  To def i ne t he l i mi t ­
i ng v al ues  f or  t he s t r ai ns  one mus t  t ake i nt o 
ac c ount  t he f ac t  t hat  d i f f er ent  ki nds of  s t r ai ns  
oc c ur  at  t he same t i me,  f or  ex ampl e s hear  and 
ver t i c al  s t r ai n,  and t hat  eac h of  t hem ar e abl e t o 
c aus e unac c ept abl e def or mat i ons .

Wi t h t he mat er i al  No.  3 t es t  s pec i mens  wer e bui l t  
i n a moul d by t ampi ng.  The dr y  dens i t y  c or r es pond ­
ed t o t hat  gi v en i n Tabl e I .  A back  pr es s ur e was  
appl i ed s uf f i c i ent  hi gh t o get  a degr ee of  s at u ­
r at i on of  1. 0 and c ons ol i dat i on t ook  pl ac e under  
hor i z ont al  and v er t i c al  s t r es s es  whi c h di f f er ed 
one f r om anot her .  The l at er al  s t r es s  r at i o was  
c hos en t o 0. 6 i n eac h t est .  Af t er  c ons ol i dat i on 
dy nami c  ac t i ng shear  s t r es s es  wi t h d i f f er ent  
magni t udes  wer e appl i ed ( see Fi g.  4) .  The PSRs 
meas ur ed i n eac h t es t  ar e s hown i n Fi g.  4.  Wi t h  t he 
as s umpt i on t hat  5 % s hear  s t r ai n as wel l  as 5 % 
v er t i c al  s t r ai n ar e l i mi t i ng v al ues  t o k eep t he 
def or mat i ons  s mal l  enough f or  t he s t r uc t ur e one 
ends  up wi t h t he t wo s t r ai ght  l i nes  whi c h ar e 
mar k ed wi t h 2 r esp.  3 i n Fi g.  4.  Thi s  r epr es ent ­
at i on s hows  t hat  at  f i r s t  t he l i mi t i ng v al ue of  
t he v er t i c al  s t r ai n i s r eac hed i f  s mal l er  v al ues  
f or  t he shear  s t r ess  wi l l  be appl i ed and v i c e ver sa 
i n t he c as e of  l ar ge s hear  s t r es s es  t he l i mi t i ng 
v al ue of  t he shear  s t r ai n i s f i r s t l y  r eached.

Fr om t he r epr es ent at i on i n Fi g.  4 one c an r ead t he 
por e wat er  pr es s ur e r equi r ed i n or der  t o mov e t he 
ef f ec t i v e s t r ess  poi nt  t o t he def i ned f ai l ur e l i ne.  
No i nf or mat i on howev er  i s gi v en about  t he t i me t hat  
means  t he number  of  c y c l es  r equi r ed t o r eac h t hi s  
s t at e of  s t r esses .  Fi g.  5 shows  t he number  of  cyc l e 
whi c h ar e nec es s ar y  t o c aus e d i f f er ent  v al ues  of
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s hear  s t r ai n f or  a gi v en v al ue of  s hear  s t r ess  
l evel  X  . To c aus e 1 % v er t i c al  s t r ai n wi t hi n 5o 
l oad c y c l es  a dy nami c  shear  s t r es s  l evel  o f x  =0. 08 
i s nec es s ar y .  To r eac h 1 % shear  s t r ai n wi t hi n t he 
same number  of  c y c l es  i t  needs  a dy nami c  shear  
s t r es s  l evel  of  x  = o. 27 about  3. 4 t i mes  of  t he 
f i r s t  val ue.  Thes e r el at i ons  can be seen mor e c l ear l y  
f r om Fi g.  6.  The r e l at i ons hi p r epr es ent ed i n Fi g.  6 
i s det er mi ned appl y i ng a l at er al  s t r ess  r at i o Ki =0. 5.  
Enl ar gi ng t he K^ - v al ue l eads  t o s mal l er  r at i os  of  
x  - s hear  s t r a i n / x  - v er t i c al  s t r ai n nec es s ar y  t o 
c aus e a c er t ai n v al ue of  def or mat i on and v i c e ver sa.

The i nv es t i gat i ons  r epr es ent ed her ei n s how t hat  t he 
v er t i c al  s t r ai n may  r eac h l ar ge v al ues  and l ead t o 
unac c ept abl e def or mat i ons  t hough t he s hear  s t r ai n 
r emai ns  s mal l  and does n' t  i ndi c at e any  danger .  For  
a gi v en dy nami c  shear  s t r ess  l evel  and f or  a gi v en 
number  of  c y c l es  t he r at i o occur i r i g shear  s t r ai n 
t o t he c or r es pondi ng v er t i c al  s t r ai n i s s i gni f i c ant ­
l y  i nf l uenc ed by t he l at er al  s t r ess  r at i o K^ .  I t  i s 
i mpos s i bl e t o det er mi ne t hi s  r at i o nei t her  wi t h t he 
ai d of  CTT nor  of  CSSTC.  I n t he nex t  c hapt er  t he 
i nf l uenc e of  t he magni t ude of  Ki  on t he s hear  s t r ai n 
of  a s andy  s i l t  t es t ed under  c y c l i c  l oadi ng c on ­
di t i on i s r epor t ed as an exampl e.

ANI SOTROPI C STATE OF STRESSES AND SHEAR STRAI NS

To c al c ul at e t he v er t i c al  s t r es s es  due t o t he ov er ­
bur den pr es s ur e and t he l oad of  t he s t r uc t ur es  i t  
c an be done mor e or  l ess  s uc c es s f ul l y  i nt r oduc i ng 
some s i mpl i f i c at i ons .  I n mos t  pr ac t i c al  appl i c at i ons  
we mus t  wor k  wi t h v er t i c al  s t r es s es  al one bec aus e

r el i abl e es t i mat es  of  l at er al  s t r es s es  i n s i t u ar  
not  r eadi l y  avai l abl e.  To es t i mat e t he i nf l uenc e 
t he l at er al  s t r es s es  on t he def or mat i on c har ac t er  
i s t i c s  of  t he soi l  dur i ng c y c l i c  l oadi ng i n many  
c as es  t es t s  onl y  can be done by k eepi ng t he ver t i  
s t r es s es  unc hanged and v ar y i ng t he l at er al  s t r ess  
r at i o Ki .  The s ubs equent l y  des c r i bed t es t s  wer e 
per f or med by t hat  mode of  pr oceedi ng.

The soi l  ( mat er i al  No.  2,  see Fi g.  3)  was  c ompac t  
i n t he t es t i ng equi pment  t o a dr y  dens i t y  of  1. 85 
t / m3 and s at ur at ed af t er war ds .  Bac k  pr es s ur e and 
v er t i c al  t ot al  s t r ess  wer e k ept  c ons t ant  i n al l  
t es t s .  The hor i z ont al  s t r es s  was  c hos en i n s uc h a 
way  t hat  dur i ng t he c ons ol i dat i on Ki  was  equal  t o
0. 2 r esp.  0. 4 r esp.  0. 6.  Tes t s  wer e per f or med wi t  
di f f er ent  dy nami c  shear  s t r es s  l evel s .  Fi g.  7 she 
t he meas ur ed s hear  s t r ai ns  af t er  25 c y c l es  c or r es  
pondi ng t o t he appl i ed shear  s t r esses .  One c an se 
t hat  wi t h r es pec t  t o t he r ange of  s t r es s es  i nves t  
gat ed t he shear  s t r ai ns  c aus ed by  c y c l i c  ac t i ng 
s hear  s t r es s es  mai nl y  depend on t he dy nami c  shear  
s t r ess  l evel .  That  means  t hat  a soi l  e l ement  l oad 
t y a v er t i c al  s t r es s  c or r es pondi ng t o t he ov er bur d 
pr es s ur e and t he l oad of  a s t r uc t ur e under goes  as 
l ar ger  shear  s t r ai ns  as s mal l er  t he l at er al  ef f ec  
t i v e s t r es s  r at i o Ki  i s.  Ther e ar e i ndi c at i ons  t h 
t he def or mat i on r es i s t anc e i s near l y  pr opor t i onal  
t o t he i ni t i al  av er age ef f ec t i v e s t r ess .  Thi s  can 
be seen f r om t he r es ul t s  r epr es ent ed i n Fi g.  8 wh 
s hows  a smal l  s c at t er  of  t he t es t  dat a wi t hi n t he 
i nv es t i gat ed r ange of  number  of  c y c l es  f or  di f f er  
ent  Ki - v a l ues . Si mi l ar  r es ul t s  ar e r epor t ed by 
I s hi har a and c o- wor k er s  obt ai ned f r om c y c l i c  t or s 
s hear  t es t s  wi t h a s and ( I shi har a et  al  1977) .

=  ?!

SHEAR STRAIN Ydyn
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Af t er  c es s at i on of  t he c y c l i c  ex c i t at i on us ual l y  
t he soi l  e l ement  has  not  r eac hed a s t abl e c ondi t i on 
of  equi l i br i um i mmedi at el y .  Wi t hout  r egar d t o t he 
abov e ment i oned s pec i al  c as e of  f r ee f i el d c ondi t i on 
one c an say  t hat  t he por e pr es s ur e d i s t r i but i on due 
t o c y c l i c  l oadi ng i s not  un i f or m i n t he s ubs oi l  and 
t her ef or e gr ound wat er  s eepage i s i ni t i at ed f r om t he 
begi nni ng of  t he c y c l i c  ex c i t at i on.  Dependi ng on 
t he geomet r y  and t he per meabi l i t y  of  t he adj ac ent  
l ayer s  t he r edi s t r i but i on of  t he por e wat er  pr es s ­

ur e and t he di s s i pat i on of  gr o>i nd wat er  need t i me 
and c aus e addi t i onal  def or mat i ons  and c hange i n 
por e wat er  pr es s ur e af t er  c es s at i on of  c y c l i c  l oad 
i ng.  Tes t  r es ul t s  des c r i bi ng t he Pos t  Cy c l i na Be ­
hav i our  of  t he t es t ed mat er i al  No.  1 wer e r epor t ed 
pr ev i ous l y  ( Br et h/ Sc hwab 1977)  . As  an ex ampl e f or  
t he i nf l uenc e of  t he Pos t  Cy c l i ng Behav i our  on t he 
gener at i on and di s s i pat i on of  por e wat er  pr es s ur e 
wi t h t i me Fi g.  9 r epr es ent s  t he meas ur ed c hange i n 
por e wat er  pr es s ur e dur i ng t he t es t  wi t h t he sand 
s i l t  des c r i bed i n t he pr ec edi ng chapt er .  The t es t  
wi t h Ki =0. 4 i s c hos en f or  r epr es ent at i on.  The spec  
men was  al l owed t o dr ai n t o t he t op and t he base 
agai ns t  t he back  pr es sur e.  The meas ur i ng of  t he 
por e wat er  pr es s ur e was  done i n t he mi dhi ght  i ns i d 
t he s pec i men t hat  means  t hat  t he s eepage l engt h wa 
about  2o cm.  The t hr ee di agr ams  ar r anged one over  
t he ot her  i n Fi g.  9 r epr es ent  t he same t es t  wi t h 
d i f f er ent  s c al i ng f ac t or s  f or  t he t i me axi s.

One of  t he mos t  i mpor t ant  r es ul t s  obt ai ned f r om 
t hi s  r epr es ent at i on i s t he f ac t  t hat  t he max i mum 
val ue f or  t he por e wat er  pr es s ur e was  meas ur ed
22 mi nut es  af t er  t he c y c l i c  l oadi ng has  ended.  
Ei ght  hour s  l at er  t he por e wat er  pr es s ur e hadn' t  
dec r eas ed t o t he i ni t i al  v al ue of  t he bac k  pr es s ur  
Dur i ng t he same t i me addi t i onal  def or mat i ons  wi t h 
dec r eas i ng s t r ai n r at es  c oul d be meas ur ed.

Thi s  addi t i onal  def or mat i ons  hav e t o be t ak en i nt o 
ac c ount  t o j udge t hei r  ef f ec t  on t he s et t l ement  an 
t he def or mat i on of  s t r uc t ur es .  Agai n one mus t  s t at  
t hat  i t  i s al s o i mpos s i bl e t o det er mi ne t hei r  magn 
t ude nei t her  by CTT nor  by CSSTC pr oc edur es .

a _

DRAI NAGE CONDI TI ONS AND GENERATI ON OF PORE PRESSUR

The por e pr es s ur e gener at i on mai nl y  i s i nf l uenc ed 
by t he pos s i b i l i t y  of  por e wat er  di s s i pat i on f r om 
t he v er y  out s et  of  t he c y c l i c  l oadi ng.  Ther e i s an 
i nt er ac t i on bet ween t he por e wat er  pr es s ur e and i t  
d i s s i pat i on i n c onnec t i on wi t h t he gi v en dr ai nage 
c ondi t i ons ,  t he i nc r eas e of  por e wat er  pr es s ur e 
c aus ed by t he l oad i nduc ed dec r eas e of  v oi d r at i o,  
t he i nt er dependenc y  of  c hange i n s t r es s es  and l as t  
not  l eas t  t he c hange of  t he s t at e of  t he ef f ec t i v e 
s t r es s es  by  i nc r eas i ng or  dec r eas i ng por e wat er  
pr es sur e.  Thi s  c ompl ex  i nt er r el at i on bet ween al l  ? 
t hes e f ac t or s  l eads  t o enor mous  di f f i c ul t i es  i n 
per f or mi ng l abor at or y  t es t s .  Us ual l y  t hese d i f f i ­
c ul t i es  wer e ov er c ome by r unni ng out  t he t es t s  wi t  
c l os ed dr ai nage val ves .  Wi t h r agar d t o t he f ac t  
t hat  i t  i s pos s i bl e t o l i quef y  ev en gr av el  wi t hou 
any  f i nes  or  sand f r ac t i on i n a c y c l i c  t r i ax i al  t e 
pr ov i ded t hat  t he t es t  wi l l  be done c ar ef ul  enough 
one mus t  say  r unni ng out  t he t es t s  i n undr ai ned 
c ondi t i on l eads  i n many  c as es  t o c ons er v at i v e and 
unec onomi c  r esul t s .  On t he ot her  hand c al c ul at i ons  
done on t he base of  dr ai ned t es t s  may  be unsaf e.

F I G 9

To enabl e us t o s i mul at e t he i n s i t u dr ai nge c on ­
d i t i ons  i n a mor e r eal i s t i c  manner  a dr ai nage 
cont r ol  s y s t em was  dev el oped and t es t  s er i es  wer e 
c ar r i ed out  wi t h t he s and ( mat er i al  No.  1) .  Wi t h 
t he ai d ot  t he dr ai nage c ont r ol  s y s t em di f f er ent  
t hi c k nes s es  of  t he l ay er s  adj ac ent  t o t he i nv es t i ­
gat ed one wer e s i mul at ed and t he v ol ume change,  t h 
por e pr es s ur e gener at i on v er t i c al  and shear  s t r ai n 
hav e been meas ur ed.  Fi g.  1o s hows  i n an ex t r ac t  
some of  t he r es ul t s  obt ai ned i n t hese t es t s .  Cur ve 
r epr es ent s  t he max i mum v al ue of  t he gener at ed por e 
wat er  pr es s ur e c or r es pondi ng t o t he t hi c k nes s  of  
t he l ay er . Cur v e B shows  t he i nt er dependenc y  bet wee 
por e pr es s ur e gener at i on val ue 8^  def i ned by 
Bj er r um ( Bj er r um 1973)  and t he t hi c k nes s  
of  t he l ayer .  The c r i t i c al  t hi ck -
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nes s  of  t he l ayer ,  t hat  means  t he t hi c k nes s  whi c h 
gi v es  r esi st ance t o s eepage l ar ge enough t o gene ­
r at e por e pr es s ur e s uf f i c i ent  hi gh t o c aus e l i que ­
f ac t i on was  det er mi ned t o 1. 85 m i n t hi s  t es t  s e ­
r i es  ( see al s o Br et h/ Sc hwab 1977) .

l y  unef f ec t ed by f r equenc y  wi t hi n t he t es t ed r ange 
( Fi g. 11) .  The i nf l uenc e of  on t he dy nami c  pr o ­
per t i es  of  soi l  i s now under  i nv es t i gat i on.  The r e ­
s ul t s  of  t hes e t es t s  wi l l  be r epor t ed f i nal l y  i n 
f u t u r e .

CONCLUSI ON

Thi s  i s t he pur pos e of  t he r epor t  pr es ent ed t o 
poi nt  out  some i ns uf f i c i enc i es  i n c onnec t i on wi t h 
t he wi del y  us ed t es t i ng pr oc edur es  bas ed on t he 
c y c l i c  t r i ax i al  t es t  as wel l  as on t he c y c l i c  
s i mpl e shear  t es t  wi t h l at er al  c onf i nement . .  Ther e 
ar e c er t ai n l i mi t at i ons  gi v en by t hes e t es t i ng 
pr oc edur es  i n t he pos s i b i l i t y  t o s i mul at e t he i n 
s i t u c ondi t i ons  as l i f el i k e as pos s i bl e.  So f or  
ex ampl e i t  i s i mpos s i bl e t o mai nt ai n t he i ni t i al l y  
ani s ot r opi c  s t at e of  s t at i c  ac t i ng s t r es s es  dur i ng 
and af t er  c y c l i c  l oadi ng.  Shear  and v er t i c al  
s t r ai ns  c annot  be i nv es t i gat ed at  t he same t i me,  
t he i nf l uenc e of  par t i al  dr ai nage c annot  be s t u ­
di ed.  Al l  t hese di sadvant ages  can be ov er c ome wi t h 
t he t es t i ng pr odedur e and equi pment  des c r i bed her e ­
i n .

DETERMI NATI ON OF DYNAMI C SOI L PROPERTI ES

For  t he f oundat i on of  a nuc l ear  power  pl ant  t he 
i ni t i a l l y  l oos e s andy  gr av el  i n t he s ubs oi l  was  
dens i f i ed by  spud v i br at or s .  Dur i ng c ompac t i on 
about  3o% gr av el  wi t h gr ai n s i z es  bet ween 15 and 
^o mm was  added.  Pr oc es s i ng by  t hi s  way  a v er y  i n ­
t ens i ve c ompac t i on of  t he s ubs oi l  was  achi eved.  To 
c al c ul at e t he ef f ec t  of  a near by  pl anned bl as t i ng 
on t he s t r uc t ur e i t  was  nec es s ar y  t o det er mi ne t he 
dy nami c  soi l  pr oper t i es .  The t es t  s pec i men s houl d 
be r epr es ent at i v  f or  t he c ondi t i ons  i n t he s ubsoi l  
under  and beneat h t he power  pl ant  not  onl y  due t o 
^ r ai n s i ze di s t r i but i on and dens i t y  but  al s o due 
t o t he s t at e of  i ni t i al  ef f ec t i v e s t r esses .  The i n ­
v es t i gat i ons  s houl d be c ar r i ed out  i n t he f r equen ­
cy  r ange f r om zer o t o 2o Hz  and t he appl i ed shear  
s t r ai ns  s houl d hav e v al ues  wi t hi n 1o- '  t o 1o+^ . Be ­
c aus e of  t he s i ze of  t he t es t i ng equi pment  i t  was  
pos s i bl e t o t es t  soi l  par t i c l es  wi t h a max i mum 
di amet er  of  5o mm.

Fi g.  11 r epr es ent s  t he r es ul t s  ac hi ev ed f r om t wo 
t es t s  per f or med under  ex ac t l y  t he same condi t i ons .  
The appl i ed s t at i c  ac t i ng s t r es s es  c or r es pond t o a 
dept h of  13. 5 m bel ow t he gr ound sur f ace.  The e f f ec  
t i ve l at er al  s t r es s  r at i o f or  t hes e t es t s  wer e 
c hos en t o 0. 5.  One of  t he mos t  s i gni f i c ant  r e ­
s ul t s  i ndi c at ed by  t hes e t es t s  i s t he f act ,  t hat  
t he s hear  modul us  and t he dampi ng v al ues  i s near -
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Tes t  r es ul t s  wer e pr es ent ed whi c h s how t he nec es s a-  
r i t y  t o ov er c ome al l  t he above ment i oned d i f f i c u l ­
t i es  i n t he l abor at or y  t est .  I t  c oul d be shown,  
t hat  f or  ex ampl e l ar ge v er t i c al  s t r ai ns  oc c ur  whi c h 
may  l ead t o unac c ept abl e def or mat i ons  ev en i f  no 
danger ous  shear  s t r ai ns  wi l l  be obs er v ed i n t he 
same t est .  The i nf l uenc e of  t he r at i o of  t he hor i ­
z ont al  ef f ec t i v e t o t he v er t i c al  ef f ec t i v e s t r ess  
was  poi nt ed out  t o be s i gni f i c ant  f or  t he magni t ude 
f or  t he occur r i ng s hear  s t r ai ns  dur i ng c y c l i c  l oadi n'
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